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Abstract 
Ferrite pigments were synthesized through a high-temperature process during a solid phase. Zinc ferrites were 
prepared from hematite, goethite, magnetite and specularite entering into reaction with zinc oxide at temperatures 
ranging from 650 C up to 1,150 C. The nature of the initial raw material, primarily the shape of its particles, affects 
the shape of the particles of the synthesized zinc ferrite. The formulated zinc ferrites had a rod-shape, lamellar, and/or 
isometric shape. The shape of the particles of synthesized zinc ferrites was studied with regard to its effects on the 
mechanical and corrosion resistance of organic coatings. The obtained pigments were characterized by means of X-
ray diffraction analysis and scanning electron microscopy. The synthesized anticorrosion pigments were used to 
prepare epoxy-ester coatings and water-borne styrene-acrylate coatings that were subjected to post-application tests 
for physical-mechanical properties and anticorrosion properties. 
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1. Introduction 
All of the synthesized pigments have good anticorrosion efficiency in an epoxy and in a styrene-
acrylate coating. Compared with a commercially used anticorrosion pigment, their protective power in 
coatings is demonstrably stronger [1].  
The synthesized pigments can be conveniently used in coatings protecting metal bases against 
corrosion. The synthesis of zinc ferrites with different particle shapes for applications in anticorrosion 
coatings provides a new way of protecting metals against corrosion. Of benefit is the fact that the 
synthesized pigments do not contain any environmentally harmful substances [2; 3; 4]. 
The development of nontoxic anticorrosion pigments that could replace chromate pigments cannot be 
considered complete yet. One possible method of replacing toxic pigments in paints is the use of ferrites 
with the content of alkaline soils [5; 6].  
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2. Experimental  
Preparation of ferrites as pigments in paints  
High-temperature solid-phase synthesis was selected to synthesize anticorrosion pigments. The 
structure of the ferrite-type spinel lattice was chosen for its suitable properties, mainly for its stable 
physical and chemical properties, insolubility, and thermic stability. Ferrites, especially those with the 
content of Zn2+ cations, display properties that fulfill the requirements for stable anticorrosion pigments in 
paints [7; 8].  
 
Synthesis of zinc ferrite ZnFe2O4 with hematite  - Fe2O3 as an initial substance 
ZnO + Fe2O3       ZnFe2O4   (600 -950 ºC)      (1) 
 
Synthesis of ferrite ZnFe2O4 with goethite -FeO.OH as an initial substance  
Step 1  2 FeO.OH    Fe2O3  + H2O   (200 - 400 ºC)      (2) 
Step 2  ZnO + Fe2O3     ZnFe2O4   (400 - 900 ºC)      (3) 
  2 FeO.OH  ZnO    ZnFe2O4  + H2O  (200 - 900 ºC)      (4) 
 
Synthesis of ferrite ZnFe2O4 with magnetite Fe3O4 as an initial substance 
2 FeO.Fe2O3  +  1/2 O2     3 -Fe2O3  (110 - 250 ºC)      (5) 
-Fe2O3       - Fe2O3    (  400 ºC)      (6) 
Step 1  2 Fe3O4 + ½ O2    3 Fe2O3    (100 - 400 ºC)      (7) 
Step 2  ZnO + Fe2O3    ZnFe2O4    (400 - 850 ºC)      (8) 
  2 Fe3O4   ½ O2 +3 ZnO   3 ZnFe2O4  (100 - 850 ºC)      (9) 
 
Synthesis of ferrite ZnFe2O4 with specularite Fe2O3 as an initial substance 
ZnO + Fe2O3    ZnFe2O4    (900 – 1,100 ºC)     (10) 
 
Influence of the synthesized ferrites on the physical properties of the coating 
 Determining the resistance of paints against impact (ISO 6272), 
 Determining the resistance of paints against cupping in an Erichsen cupping tester (ISO 1520), 
 Determining the resistance of a paint film during bending (ISO 1519), 
 Determining the adhesion of paints by a lattice method (ISO 2409).  
 
Study of the anticorrosion properties of the synthesized pigments 
In order to identify their anticorrosion efficiency the synthesized pigments were applied to a solution 
of epoxy, medium-molecular resin. Other binders chosen for pigment testing were water-borne epoxy 
resin and styrene-acrylate water-borne dispersion. The coatings were selected as model ones without the 
content of additives that would markedly influence the final efficiency of a paint.  
 
 Corrosion test with the general condensation of water  (ISO 6270), 
 Cyclic corrosion test in the presence of condensed H2O and SO2  (ISO 3221), 
 Cyclic corrosion test in the presence of NaCl mist and humidity condensation (ISO 7253). 
 
The evaluation of corrosion processes after exposure to corrosion tests followed the methods derived 
from standards ASTM D 714-87, ASTM D 610, and ASTM D 1654-92.  The corrosion processes were 
assigned with a numerical value from a graded scale (100-0) [9; 10; 11].  
 
Effects of the synthesized ferrites on the physical properties of the coating  
Comparison of the final value of the surface hardness of the pigmented paint films reveals that zinc 
ferrite synthesized from goethite -FeO.OH contributes to the high hardness of the coating most. Its rod-
shaped particles have balancing effects during paint film creation. The particles are oriented in parallel to 
a base and reinforce the paint film. 
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The differences between individual zinc ferrites are not too pronounced, except for zinc ferrite 
ZnFe2O4 ( -FeO.OH) made from goethite -FeO.OH. Coatings with this pigment achieve unambiguously 
the highest hardness values. 
 
The mechanical properties of the coatings  
In epoxy-ester films drying in a physical-chemical way, excellent physical properties are attributed 
mainly to the shape of the primary particles, specifically and unambiguously to needle-shaped particles 
with coating reinforcing effects [12].  
The magnetic properties and the enhanced cohesion of the paint films initiated by the nodular particles 
of magnetite also have positive influence on the physical properties of the coatings, yet their importance 
takes a second position and proves crucial in the case of the physical-chemical mechanism of the netting 
of water-borne epoxy films. Regular particles of smaller dimensions (magnetite) and needle-shaped 
particles (goethite) improve mechanical resistance and elasticity and play an important role in the 
improvement of the mechanical properties of water-borne dispersion binders [13; 14]. 
 
Study of the anticorrosion properties of the synthesized zinc ferrites  
 Evaluation of test in a condenser chamber with general water condensation  
As per observation, the anticorrosion efficiency of the individual types of zinc ferrites in solvent-
borne epoxy paints is relatively high and well-balanced, the best efficiency being exhibited by zinc ferrite 
ZnFe2O4 ( -FeO.OH) prepared from goethite -FeO.OH that shows only marginal differences with regard 
to the other types of zinc ferrites.  
 
 Evaluation of a cyclic corrosion test in a salt spray cabinet  
The highest anticorrosion resistance against the creation of osmotic blisters in solvent-borne epoxy 
coatings was shown by zinc ferrite ZnFe2O4 ( -FeO.OH) prepare from -FeO.OH [15; 16; 17]. 
 
 Comprehensive evaluation of corrosion tests  
Combining the results of all the completed corrosion tests (general condensation of water, condenser 
chamber with the SO2 content, and a salt spray cabinet), we obtained the values of the comprehensive 
anticorrosion efficiency of the synthesized pigments in binder systems [18; 19; 20].  
 
3. Results and discussions 
 
The best results were identified with zinc ferrite ZnFe2O4 (FeO.Fe2O3) synthesized from magnetite 
(FeO.Fe2O3); this zinc ferrite demonstrated high anticorrosion efficiency in all types of applied binder 
systems. The synthesized pigments can be recommended for applications in anticorrosion paints based on 
both water-borne and solvent-borne formulations [20]. 
Zinc ferrite ZnFe2O4 ( -Fe2O3) with hematite -Fe2O3 as an initial raw material entering synthesis, 
displays the color perception of a red-orange hue. The particles are isometrically shaped and their 
distribution is relatively narrow without having a tendency towards the marked creation of secondary 
clusters which is the case with iron oxide red alone. Zinc ferrite ZnFe2O4 ( -FeO.OH) with goethite -
FeO.OH as an initial raw material shows the color perception of a red hue with pronounced shift into a 
yellow hue.  
The particles are rod-shaped (needle-shaped), their distribution is relatively narrow and without a 
tendency towards the marked creation of secondary clusters. Zinc ferrite ZnFe2O4 (FeO.Fe2O3) with 
magnetite FeO.Fe2O3 as an initial raw material towards displays the final color perception of a red-orange 
hue. The particles are isometric (nodular) and their distribution is relatively narrow. Zinc ferrite ZnFe2O4 
(lam-Fe2O3) with specularite lam-Fe2O3 as an initial raw material and their distribution is relatively 
narrow shows the final color perception of a purple-red hue. Its particles are lamellar. Compared to the 
previous types, they are greater in size. They do not tend to form secondary clusters.  
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Table 1. Survey of prepared zinc ferrite pigments  
 
Initial raw material Pigment (marking) Particle shape D50[ m] 
-FeO.OH goethite ZnFe2O4  ( -FeO.OH) Needle-shaped 0.5 
-Fe2O3 hematite ZnFe2O4  ( -Fe2O3) Isometric 0.4 
FeO.Fe2O3 magnetite ZnFe2O4  (FeO.Fe2O3) Nodular 0.2 
lam.-Fe2O3 specularite ZnFe2O4  (lam-Fe2O3) Lamellar 5.3 
 
 
 
Table 2. Physical-chemical properties of the synthesized zinc ferrites and of the comparison pigment  
 
Pigment Density [g/cm3] 
Oil consumption 
[g/100 g pig.] 
CPVC 
[%] 
pH of extract Extract conductivity  
[ S/cm] 
Synthesized ferrites  
ZnFe2O4 ( -FeO.OH) 5.04 33.28 35.66 7.03 35 
ZnFe2O4 ( -Fe2O3) 5.05 26.03 41.43 7.15 29 
ZnFe2O4 (FeO.Fe2O3) 5.00 20.98 44.98 7.37 25 
ZnFe2O4 (lam-Fe2O3) 5.15 10.94 62.26 8.40 93 
Comparison pigment 
Phosphomolybdate Al-Zn 3.46 24.72 52.07 7.07 147 
 
 
 
Table 3. Corrosion loss in the aqueous extracts of the pigments (Ccor,Xcor ) and the content of water-borne at high temperature 
(W100) and at low temperature (W20 C) 
 
Pigment W20ºC  [%] W100ºC [%] Ccorr  [g/m2] Xcorr  [%] 
Synthesized pigments 
ZnFe2O4 ( -FeO.OH) 0.162 0.267 18.84 56.69 
ZnFe2O4 ( -Fe2O3) 0.096 0.128 21.27 64.01 
ZnFe2O4 (FeO.Fe2O3) 0.684 0.697 26.25 78.99 
ZnFe2O4 (lam-Fe2O3) 0.701 1.094 27.55 82.91 
Comparison pigment 
Phosphomolybdate Al-Zn 0.956 0.789 14.13 42.52 
 
 
 
Table 4. Physical-mechanical properties of the pigmented coatings (DFT=±90 m): 
a) 2-K solvent-borne epoxy; b)  2-K water-borne epoxy; c) styrene-acrylate dispersion. 
 
 
Anticorrosion pigment 
 
 
Adhesion  
[dg.] 
Impact resistance 
[cm] 
Cupping resistance [mm] 
a b c a b c a b C 
ZnFe2O4 ( -FeO.OH) 0 0 0 70 70 75 9.5 7.3 > 10 
ZnFe2O4 ( -Fe2O3) 0 0 1 85 80 95 6.0 5.4 > 10 
ZnFe2O4 (FeO.Fe2O3) 0 0 0 80 85 85 7.4 8.7 > 10 
ZnFe2O4 (lam-Fe2O3) 0 0 1 45 60 65 8.1 6.9 > 10 
Non-pigmented film 0 0 0 80 80 95 8.4 8.0 > 10 
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Fig. 1. Dependence of the surface hardness of the paint films based on solvent-borne epoxy resin on time (DFT=±70 m):  
A) ZnFe2O4 ( -FeO.OH); B) ZnFe2O4 ( -Fe2O3);  
C) ZnFe2O4 (FeO.Fe2O3); D) ZnFe2O4 (lam-Fe2O3). 
 
 
 
 
Fig. 2.  Dependence of the surface hardness of the paint films based on water-borne epoxy resin on time (DFT=±70 m):  
A) ZnFe2O4 ( -FeO.OH); B) ZnFe2O4 ( -Fe2O3);  
C) ZnFe2O4 (FeO.Fe2O3); D) ZnFe2O4 (lam-Fe2O3). 
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Fig. 3. Overall mechanical resistance of coatings with regard to different binder bases and synthesized anticorrosion pigments:  
A) ZnFe2O4 ( -FeO.OH); B) ZnFe2O4  ( -Fe2O3); C) ZnFe2O4 (FeO.Fe2O3);  
D) ZnFe2O4 (lam-Fe2O3); E) non-pigmented coating  
 
 
 
Fig. 4. Overall anticorrosion efficiency of the coatings with regard to various binder bases and the synthesized anticorrosion 
pigments during corrosion stress in a condenser chamber with general water condensation:  
A) ZnFe2O4  ( -FeO.OH); B) ZnFe2O4  ( -Fe2O3); C) ZnFe2O4 (FeO.Fe2O3);  
D) ZnFe2O4 (lam-Fe2O3); E) Phosphomolybdate Al-Zn (comparison pigment);  
F) non-pigmented coating. 
70
75
80
85
90
95
100
A B C D EO
ve
ra
l m
ec
ha
ni
ca
l r
es
is
ta
nc
e 
of
 c
oa
tin
gs
 
Anticorrosion 
pigment type
epoxy-ester coating
2-K water-borne, epoxy coating
Water-borne styrene-acrylate coating
0
10
20
30
40
50
60
70
80
90
100
A B C D E F
O
ve
ra
ll 
an
tic
or
ro
si
on
 e
ffi
ci
en
cy
 o
f  
co
at
in
gs
Anticorrosion 
pigment type
epoxy-ester coating
2-K epoxy, water-borne coating
Water-borne styrene-acrylate coating
 Miroslav Ulbrich and Andrea Kalendová /  Physics Procedia  44 ( 2013 )  247 – 255 253
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Coating (Surface) 
   
Steel substrate (after removing paints)  
 
Fig. 5. Testing panels with a solvent-borne epoxy paint film pigmented with ZnFe2O4 ( -FeO.OH); (A) after 1,400 hours’ exposure 
in a condenser chamber with general condensation of water, (B) after 1,100 hours’ exposure in a condenser chamber with the SO2 
environment, and (C) after 1,100 hours’ exposure in a salt spray cabinet. 
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4. Conclusions 
 
Zinc ferrite ZnFe2O4 ( -FeO.OH) with needle-shaped particles and synthesized from goethite proved 
to be most efficient in case of solvent-borne epoxy esrer resins. 
In case of water-borne epoxy resins, high anticorrosion efficiency was displayed by zinc ferrite 
obtained from raw materials with isomeric particles with narrow distribution – i.e. by ZnFe2O4 
(FeO.Fe2O3) synthesized from magnetite. Styrene-acrylate paints exhibited generally lower values of 
complex anticorrosion efficiency; the most efficient of these pigments being zinc ferrite ZnFe2O4 (lam-
Fe2O3) formulated from specularite. 
All of the formulated anticorrosion pigments with a zinc ferrite structure can be proclaimed to be quite 
suitable for application in epoxy water-borne and solvent-borne binders. When subjected to corrosion 
tests, the epoxy coatings with the content of the synthesized anticorrosion pigments achieved results 
comparable to those exhibited by epoxy coatings with a commercially produced pigment based on 
phosphomolybdate Al-Zn. The synthesized pigments can be recommended for applications in 
anticorrosion paints based on both water-borne and solvent-borne formulations.  
Zinc ferrite ZnFe2O4 ( -FeO.OH) with needle-shaped particles and synthesized from goethite proved 
to be most efficient in case of solvent-borne epoxy resins. In case of water-borne epoxy resins, high 
anticorrosion efficiency was displayed by zinc ferrite obtained from raw materials with isomeric particles 
with narrow distribution – i.e. by ZnFe2O4 (FeO.Fe2O3) synthesized from magnetite. Styrene-acrylate 
paints exhibited generally lower values of complex anticorrosion efficiency; the most efficient of these 
pigments being zinc ferrite ZnFe2O4 (lam-Fe2O3) formulated from specularite. 
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